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ABSTRACT: Reactions of unsaturated polyester resin and
4,40 diphenyl methane diisocyanate were carried out at dif-
ferent NCO/OH ratios in presence of catalysts to form the
hybrid polymer networks. Chain extender (1,4 butanediol)
added in the hybrid network (NCO/OH ratio: 0.76) was
optimized at a level of � 3 wt % only of the polyester resin.
The curing of these networks was studied by a rigid body
pendulum type (RPT) method in terms of reduced damping
ratio and increased frequency. Lack of multiple glass transi-
tion temperatures, sharp Tan delta peak, and particulate
composite type morphology clearly demonstrated the for-
mation of phase mixed domains in the hybrid networks.
The storage modulus and loss modulus master curves
obtained by dynamic mechanical analysis indicate that
hybrid polymer networks retained higher modulus at lower

and intermediate frequencies over the polyester resin show-
ing their superior time-dependent response. Efficacy of
these hybrid network resins was examined as matrices in
the jute composites and compared with those of polyester
resin and unsaturated polyester–polyurethane interpenetrat-
ing network matrices. It is found that the hybrid polymer
network matrix composites exhibited superior physicome-
chanical properties under both dry and boiling water age
test. Fractographic evidences such as fiber–matrix adhesion,
hackle markings, and fiber breakage also supported their
superior behavior over other composite matrices. VC 2011
Wiley Periodicals, Inc. J Appl Polym Sci 122: 1206–1218, 2011
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INTRODUCTION

Fiber reinforced polyester composites find wide ac-
ceptance in the manufacture of a variety of building
materials including panels, roofing sheets, doors and
windows, and the like.1–8 Typically, such composites
are prone to micro-cracking and secondary bond
failures (delamination) because of poor toughness
and high volume shrinkage during curing process of
the polyester resins.4,9,10 Therefore, improvements in
the physical and mechanical properties of polyester
resin are highly desirable by making it tougher11,12

and creating an optimum adhesion with the
fibers.13,14 In recent years, the hybrid polymer net-
works derived from unsaturated polyester and iso-
cyanates have been recognized for this purpose to
enhance the mechanical performance of the polyester
resins.15–19 It can be formed through the crosslink
reactions, i.e., copolymerization of unsaturated poly-
ester resin with styrene and polyaddition between
terminal hydroxyl groups of polyester and isocya-
nate groups. The chemical bonds formed between
both the resins can make their glass transition tem-
perature too close and also make the effective damp-
ing temperature narrow, which will have the influ-

ence on the microstructure of hybrid polymer
networks.20 Adequate control of phase separation
and interlocking of both polymer networks enhances
the toughness and impact strength of hybrid net-
works.21 Viewing these advantageous properties, it
would be desirable to attempt such matrix resin
with natural fiber reinforcement for the development
of hydrothermally stable and tougher composites.
In the present study, we aimed at discussing an

optimum stoichiometric NCO/OH ratio in the un-
saturated polyester–urethane hybrid polymer net-
work useful as matrix resin for jute composites and
also sandwich core foamable compositions. It is
expected that isocyanate terminated hybrid network
reacts with the surface hydroxyl groups of jute fibers
to form a chemical bond avoiding the known neces-
sity of jute pretreatment with coupling agent,14 coat-
ing,22,23 alkali,24,25 etc. mentioned in the prior art. As
a consequence, improved mechanical properties of
the jute composites are expected. Higher compatibil-
ity in both the resins can be achieved through the
hybrid polymer networking rather than the inter-
penetrating technique because of chemical bonds
formation. An additional advantage of the hybrid
networks is that during cold mold pressing, manu-
facturing process of the composites shortens several
times. Previously, attempts26–28 have been made on
the use of hybrid polymer network as a matrix resin
for fiber reinforced composites. Yu et al.26 studied
the mechanical properties of carbon fiber reinforced
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polyester–urethane hybrid network with an isocya-
nate content of 20 wt % in the matrix. They reported
that interlaminar shear strength of the composites
was typically two to three times as high as that of
the unsaturated polyester matrix composites. The
failure mechanism in the composites made from low
molecular weight polyester resin was mainly of fiber
breakages, klinks, and transverse cracks. Gunduz
et al.27 have attempted to produce the glass fiber
composites using polyester–isocyanate hybrid net-
work at a NCO/OH ratio of 0.45. The tensile
strength and toughness of these composites were
improved when compared to the corresponding val-
ues of the unsaturated polyester matrix composites.
Radenkov et al.28 concluded the modification of
glass fiber reinforced polyester with 2,4 toulene dii-
socyanate (8 wt %) during molding to obtain better
properties than the conventionally used polyester
resin. In previous work, attempts on producing jute
composites with the hybrid polymer network as a
composite matrix have not received much attention
necessitating a thorough examination of their formu-
lations and performance.

In this article, we report property optimization of
unsaturated polyester–urethane networks as a func-
tion of NCO/OH ratio and chain extender content.
The miscibility of constituent phases was examined
by modulated differential scanning calorimetry,
dynamic mechanical analysis, and atomic force mi-
croscopy. Jute composites made with the hybrid
polymer networks were physicomechanically and
fractographically characterized and compared them
with the parent unsaturated polyester and polyes-
ter–polyurethane interpenetrating network matrix
composites.

EXPERIMENTAL

Materials

Unsaturated polyester resin based on Isophthalic
acid (viscosity, 650 cps; acid value, 16 mg KOH/g;
hydroxyl value, 133 mg KOH/g; styrene, 35%) along
with methyl ethyl ketone peroxide and cobalt naph-
thenate (6% cobalt content) was purchased from M/
s Naptha Resins and Chemicals, Chennai (India). 4,40

diphenyl methane diisocyanate (MDI-Empeyonate
CR 100, NCO content, 31%; viscosity, 150 cps at
25

�
C) was received from M/s Huntsman Interna-

tional, Navi Mumbai (India). The 1,4 butanediol
(Sigma-Aldrich) was used as a chain extender. Dibu-
tyl tin dilaurate (Air Products, Allentown) and com-
mercial grade sodium hydroxide were used as
received. Nonwoven jute fabric (weight � 350 g
m�2) was procured from M/s Birla Corporation
Ltd., Kolkata (India). Poly (vinyl acetate) emulsion

mat forming grade was obtained from M/s Pidilite
industries, Mumbai (India).

Preparation of samples

Unsaturated polyester–urethane hybrid
polymer networks (HPN)

The unsaturated polyester resin was dehydrated
under vacuum. Subsequently, it was blended with
an isocyanate in a different stoichiometric NCO/OH
ratio under nitrogen atmosphere. The blend was
stirred for 5 min and accelerated by adding 1.2 wt %
cobalt naphthenate and then drop by drop addition
of 0.5% dibutyl tin dilaurate. The sample was then
allowed to deaeration for 5 min. Methyl ethyl ketone
peroxide (1.2 wt %) was then mixed in the resin
composition immediately prior to molding and
poured into a mold to cast 5-mm thick plate. The
plate was cured for 24 h at room temperature
followed by a postcuring for 4 h at 80�C. In another
experiment, the hybrid polymer network was pre-
pared by adding 1,4 butanediol to the unsaturated
polyester resin prior to isocyanate addition and sub-
sequently followed the above described procedure.

Unsaturated polyester–polyurethane
interpenetrating polymer networks (IPN)

Polyurethane prepolymer was prepared by a thor-
ough mixing of polyether polyol and isocyanate in a
resin kettle at a molar ratio of 1 : 2 under nitrogen
atmosphere at 50�C. The resulting prepolymer (� 10
wt %) was blended with the unsaturated polyester
resin containing cobalt naphthenate (0.4%). The pre-
polymer addition in the blend was optimized on the
basis of a prerequisite workable viscosity required
for the composite preparation. The blend was thor-
oughly agitated and degassed for 5 min. Thereafter,
1.2 wt % methyl ethyl ketone peroxide catalyst was
added into it. The samples were cast on a brass
mold to a thickness of 5 mm. The curing of these
cast sheets was done at room temperature for 24 h
and then postcured at 80�C for 4 h to complete
crosslinking reaction.

Jute composite samples

Jute fabrics (weight: 350 g m�2) were treated with 2
wt % aqueous sodium hydroxide solution to remove
a waxy layer from their surfaces. These treated fab-
rics were sprayed with the mat forming grade poly
(vinyl acetate) emulsion (8 wt % of fabrics), dried
them to a harden state in an air circulated oven and
then pressed under 1 MPa at 100�C for 2 min to
obtain a molding grade mat. It is mentioned that the
use of mat forming grade emulsion provides
adequate resin wet-out to the jute fabrics after hot
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compression and also reduced resin consumption in
the laminates preparation. The mats were impreg-
nated with different matrix resins such as unsatu-
rated polyester, hybrid polymer networks, and inter-
penetrating network. Six impregnated mats were
stacked, placed between two silicone paper lined
brass plates and compressed it on a hydraulic press
for 30 min at a pressure of 2 MPa. The demoulded
samples (� 50% jute content) were cured at room
temperature for 24 h and then postcured at 80�C for
4 h under contact pressure.

Test methods

Rheology

The viscosity change during maturation of resins
was measured by a stress controlled rheometer
(Model Gemini, Bohlin Instruments) using 25-mm
diameter parallel plate geometry with a 1-mm gap
at a shear rate of 2/s at 25�C.

Rigid body pendulum type physical
properties test (RPT)

A rigid body pendulum type testing machine (RPT-
3000W, A and D Company, Japan) was used to
study curing of the resin samples. The sample (10 �
40 � 5 mm3) was fixed on the cooling and heating
blocks and set the pendulum so that the knife edge,
the fulcrum of the swing comes vertically into con-
tact on the sample. The period of free vibration
given to the pendulum was in the range of 0.05 to
2 s. The test temperature was kept between 25 and
225�C. By analyzing the vibration, logarithm damp-
ing ratio and frequency were obtained to assess a
curing process. When the size of network was large,
the pendulum moves a long distance to crush or
stretch the network. Therefore, the period of time
the pendulum swings increases. Contrary to this,
when the size of network was small, the distance of
pendulum movement shortens.

Modulated differential scanning calorimetry (MDSC)

Modulated differential scanning calorimetry (Model
Q 2000 DSC, TA Instruments) of the samples equili-
brated at �50�C was carried out between �40 and
200�C at a heating rate of 3�C min�1 under nitrogen
atmosphere. Modulation with a 60.8�C amplitude
for a 40-s period was employed. A slow heating rate
was selected to allow for a good deconvolution. The
resultant reversing (heat capacity component) and
nonreversing (kinetic component) signals of the sam-
ples were recorded.

Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (Model 2980, TA
Instruments) of the samples was carried out under a

single cantilever mode. The specimen of size 30 �
13 � 3 mm3 was mounted between the arms and a
thermal run was recorded from 30 to 200�C at a
heating rate of 5�C min�1 at 1 Hz. The storage mod-
ulus, loss modulus, and tan d of the samples were
recorded.
The frequency sweep measurement was also

carried out in the temperature range of 40–110�C with
5�C increment for each step at frequency ranging
from 1 to 100 Hz. Using time–temperature superposi-
tion software, each data set was shifted at a reference
temperature of 80�C and master curves were con-
structed for storage modulus and loss modulus.

Atomic force microscopy (AFM)

Atomic force microscope (AFM-NTEGRA, NT-MDT)
was used to measure the internal morphology of the
resins. The sample of size 12.50 � 8.0 � 5.0 mm3

was mounted on a metal disk which was then held
magnetically under the probe. A 100� microscope
was used to view phase contrast in the samples
under different magnifications.

Physical and mechanical tests

Density and water absorption of the jute composites
were determined in accordance with ASTM D 570-05
and ASTM D 792-08, respectively. The tensile prop-
erties of samples were obtained according to ASTM
D 638-08 with the use of a Hounsfield Material Test-
ing Machine (H 25 KS) at a cross head speed of
5 mm min�1. The flexural tests of samples were
carried out as per ASTM D 790-02 at a cross
head speed of 5 mm min�1 and span-to-depth ratio
of 16 : 1. All results were the average value of five
measurements.

Accelerated water resistance test

Accelerated water resistance test of the specimens
was carried out by immersing them in the boiling
water. The samples were subjected to immerse in
the cold water and water was brought to the boiling.
The samples were kept at boiling temperature for
2 h followed by its cooling in water. The aged sam-
ples were examined for dimensional changes and
tensile properties.

Scanning electron microscopy (SEM)

Fractography of the aged and unaged tensile surfa-
ces of the jute composites was performed on a scan-
ning electron microscope (Model Leo 435). Prior to
surface examination, fractured surfaces of the failed
samples were vacuum coated with a thin film of
Au/Pd to render them conductive.
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RESULTS AND DISCUSSION

Effect of NCO/OH ratio

The physical properties of unsaturated polyester–
urethane hybrid networks at different NCO/OH
ratio are given in Table I. It is observed that the
maturation of resin reaches the saturation viscosity
rapidly by adding MDI to the unsaturated polyester
and increases further after thickening due to the con-
version of end groups of unsaturated polyester resin
into an isocyanate group to a maximum extent29

(Fig. 1). Higher the concentration of MDI, the shorter
the gelation time of the hybrid polymer networks.
The workability of the resin was not affected when
the amount of initiator was decreased, allowing
enough time for the mixing operations necessary to
manufacture a composite. The increase in viscosity
of the hybrid polymer networks occurred few
minutes after the addition of initiator. It is reported28

that the nitrogen atom in the isocyanate group pos-
sesses an unshared electron pair by which it forms
an unstable complex with the peroxide initiator.
Therefore, decomposition rate of these radicals take
place much quicker than that of the peroxide only.

The curing of hybrid polymer networks was
assessed with the help of logarithmic damping ratio
and the change of frequency (Fig. 2). By measuring

the frequency (time of pendulum movement), the
size of the network can be determined while the log-
arithmic damping ratio measures the viscosity
change caused by a creation of the network. When
isocyanate content increases in the polyester resin,
the peak transition point in the curve was moved to
the higher temperature sides while the logarithmic
damping ratio was moved to the lower sides. It is
noted that before reaching the peak transition point,
the size of network in the resin was small and also
main chain structure of the resin was too soft. As a

TABLE I
Effect of NCO/OH Ratio on the Physical Properties of Unsaturated Polyester–Urethane Hybrid Networks

NCO/OH
ratio

Viscosity at
25�C (Pas)

Gel time
(min)

Results of rigid body pendulum type physical properties testing equipment

Peak transition
point (�C)

Log. damping
ratio

Distribution
of network (Mw)

Size of
network (n)

Hardness
(s)

0 0.98 70 110 0.98 135 � 80 ¼ 55 0.10 0.16
0.23 1.23 50 115 0.73 114 � 52 ¼ 62 0.16 0.14
0.38 1.53 40 120 1.15 145 � 100 ¼ 45 0.18 0.10
0.76 1.97 36 145 0.45 193 � 113 ¼ 80 0.16 0.06
1.15 2.04 30 166 0.32 250 � 118 ¼ 132 0.20 0.05
1.53 3.10 25 290 0.23 350 � 247 ¼ 103 0.14 0.04

Figure 1 Viscosity versus time curves of unsaturated
polyester resin at different NCO/OH ratio. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 2 Rigid body pendulum type physical test (a) un-
saturated polyester resin (b) hybrid polymer network
(NCO/OH : 0.76). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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result, damping ratio increases and consequently,
the stickiness occurs in the samples. This indicates a
level of low curing probably due to the movement
of the physical networks. Above the peak transition
point, the stickiness becomes small attributable to
the creation and wider distribution of a large size
networks following the temperature effects. It is
noted that 10 wt % isocyanate addition to the unsat-
urated polyester resin (NCO/OH : 0.76) caused a
significant reduction in the logarithmic damping ra-
tio from 0.98 to 0.45 of the resulting system (Table I).
The frequency of hybrid polymer networks was little
affected with the temperature because of the forma-
tion of a large size network following the crosslink-
ing. On the contrary, unsaturated polyester resin
showed a clear shallow between 70 and 140�C in the
frequency–temperature curve. After the peak point,
the frequency increases with the increase of temper-
ature and then leveled off due to cure effects. It is
noted that surface hardness of the unsaturated poly-
ester resin was lower than that of the hybrid poly-
mer network when tested as per ISO 1522. The
reduced logarithmic damping ratio and increased
frequency favored a high level of curing in the
hybrid polymer network compared to the unsatu-
rated polyester.

As shown in Table II, the maximum tensile
strength was reached at NCO/OH ratio of 0.76. As
the isocyanate content reached at the optimum level,
area under the tensile stress–strain curve (toughness)
became larger showing an improvement of � 103%
over the unsaturated polyester resin. Contrary to

this, the tensile modulus of the hybrid polymer net-
works decreased by 17.80% at this level resulting
from increased flexibility due to the presence of soft
urethane domain.15 The impact strength was also
improved with the increase of isocyanate content
at the optimum level. Beyond this level, excess of
isocyanate may not contribute in the chain extension
process and some polyester chains become NCO
ended.27,30 It is reported that the unreacted isocya-
nate remains in the resin also self catalyzed in the
form of polyisocyanurate phase31 and existed as a
separate phase along with hard crosslinked polyester
domain. As a consequence, the mechanical proper-
ties became poor and lead to the products with
higher rigidity and worse impact.

Effect of chain extender

To enhance the toughness, chain extender was
added to an optimized formulation of the hybrid
polymer network (NCO/OH : 0.76). As shown in
Table III, the tensile strength, elongation, and energy
to break of the hybrid polymer networks increased
and tensile modulus decreased as the chain extender
was added up to a level of 3 wt % only. An increase
of 25% in tensile strength and 45% in elongation
were observed over the hybrid network without
chain extender. Above this level, incorrect stoichio-
metric ratio between AOH group and ANCO group
could result in a decrease in the mechanical proper-
ties due to low molecular weight of polyurethane.

TABLE II
Effect of NCO/OH Ratio on the Mechanical Properties of Unsaturated Polyester–Urethane Hybrid Networks

NCO/OH
ratio

Tensile
strength
(MPa)

Elongation
(%)

Tensile
modulus
(MPa)

Energy
to break

(J)

Flexural
strength
(MPa)

Flexural
strain

Flexural
modulus
(MPa)

Impact
strength
(J m�1)

0 51.60 6 2.60 4.72 6 0.24 1376 6 68.80 3.85 6 0.19 53.67 6 2.68 0.025 2190.61 6 109.50 3.0 6 0.15
0.23 55.19 6 2.76 4.10 6 0.21 1321 6 66.05 3.98 6 0.20 56.93 6 2.85 0.020 2128.43 6 106.40 8.0 6 0.40
0.38 56.70 6 2.84 5.78 6 0.29 1209 6 60.45 5.06 6 0.25 69.98 6 3.50 0.030 2332.67 6 116.60 11.0 6 0.55
0.76 70.70 6 3.54 7.10 6 0.36 1130 6 56.50 7.81 6 0.39 94.90 6 4.75 0.043 2206.98 6 110.35 15.20 6 0.76
1.15 71.20 6 3.56 7.26 6 0.37 932 6 46.60 7.51 6 0.38 91.94 6 4.60 0.051 1788.72 6 89.40 13.0 6 0.65
1.53 49.19 6 2.46 4.80 6 0.24 1463 6 73.15 4.37 6 0.22 70.24 6 3.51 – – 12.0 6 0.60

TABLE III
Effect of Chain Extender on the Mechanical Properties of Unsaturated

Polyester–Urethane

Chain
extender

content (%)

Tensile
strength
(MPa)

Elongation
(%)

Tensile
modulus
(MPa)

Energy
to break

(J)
DMA tan d
peak (�C)

DSC Tg

(�C)

0 70.70 6 3.54 7.10 6 0.36 1130 6 56.50 7.81 6 0.39 144 103.23
1 72.30 6 3.62 8.26 6 0.41 987 6 49.40 8.42 6 0.42 132 102.55
3 88.60 6 4.40 10.27 6 0.51 782 6 39.10 11.46 6 0.57 118 84.50
5 77.10 6 3.86 9.48 6 0.47 752 6 37.60 9.63 6 0.48 115 80.59
7 34.02 6 1.70 3.54 6 0.18 1233 6 61.65 2.06 6 0.11 102 63.66
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Residual chain extender may also play a role of plas-
ticizer affecting the mechanical properties.15

Modulated DSC traces of the unsaturated polyes-
ter resin and its hybrid polymer networks are shown
in Figure 3(a–c). It is noted that unsaturated polyes-
ter exhibited a transition at 8.82�C corresponding to
the unpolymerized resin or peroxide crosslinked
resin as reported earlier.32 The broad nature of glass
transition region as illustrated by reversible heat
flow curve suggests that two types of network spe-
cies: crosslinked polyester and polystyrene coexist
(due to the low compatibility of styrene with polyes-
ter) as also evidenced in AFM images. As glass tran-
sition approaches the temperature at which curing
occurs, the broad exotherm in the nonreversible
curve obscured glass transition [Fig. 3(a)]. On the
other hand, the hybrid polymer network displayed
subtle glass transitions in the endothermic back-
ground corresponding to various phases [Fig. 3(b)].
The occurrence of reduced endothermic background

compared to the parent polyester supportive of a
high degree of intermixing of phases. This indicates
that interlocking of phases occurs at the gel point
reach, which restricts further phase separation.21 In
the reversible heat flow curve, crosslinking reaction
initiates around 70�C. The presence of multiple cure
exotherms in the hybrid network as against to par-
ent polyester resin can be explained by its chain
extension and crosslinking processes. When chain
extender was added in the hybrid network, a broad
step change was observed in the reversible base line
curve of the resulting system and the transition tem-
perature moves toward lower temperature with
respect to that of the parent system [Fig. 3(c)].
Urethane has been linked to the unsaturated polyes-
ter resin chain structure which brings the soft char-
acteristics of polyurethane into the rigid network
structure.15 The weight fraction of unsaturated poly-
ester polyol in the resin mix decreased when more
chain extender was added to the system. Since cross-
links come from the reaction between unsaturated
polyester and styrene, a lower crosslinking density
is expected with higher amount of chain extender.16

As a result, increased rate of phase separation was
occurred which affected the mechanical properties of
the resulting systems.
AFM images of the hybrid polymer networks

under semi phase contrast mode are shown in Fig-
ure 4(a–c). The morphology of unsaturated polyester
resin appears to be granular, rigid, and heterogene-
ous in which both polyester and polystyrene coexist.
The micro particle domains were emerged beyond
the surface level. Under higher magnification, the
black spherical particles of polystyrene were distrib-
uted throughout the microstructure [Fig. 4(a)]. The
existence of heterogeneous morphology can be well
correlated with a broad peak of tan d obtained by
DMA and broad endothermic background in MDSC.
On the other hand, morphology of the hybrid poly-
mer network was smooth, soft and particulate com-
posite type in which urethane phase (dark area) was
dispersed in the polyester matrix (bright area)
[Fig. 4(b)]. Because of intermixing of phases, tan d
peak in the DMA was sharper and moves towards
higher temperatures compared to the parent polyes-
ter resin. At higher magnification, larger phase do-
main size was viewed along with the occurrence of
little phase separation. When chain extender was
added to the hybrid polymer network, morphology
appeared to be relatively more soft and homo-
geneous [Fig. 4(c)]. Under higher magnification, mat
type microstructure was clearly visible. The phase
contrast between the constituents was reduced due
to the formation of polyester–urethane hybrid net-
work phase as a continuous matrix. As a result, the
tan d peak of DMA was sharpened and moves
towards lower temperatures due to dominant hybrid

Figure 3 Modulated DSC traces (a) unsaturated polyester
resin (b) hybrid polymer network (c) chain extended
hybrid polymer network. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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network phase. The tan d value was also higher than
those of other systems showing its better damping
characteristics (Fig. 5). It is noted that the hybrid

polymer networks imparted higher modulus than
the parent polyester resin over an entire range of
temperatures.

Figure 4 AFM images under semicontact phase contrast mode (a) unsaturated polyester resin (b) hybrid polymer net-
work (c) chain extended hybrid polymer network. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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The dynamic mechanical properties of the hybrid
polymer networks were studied by constructing
master curves of storage modulus and loss modulus
versus frequency at a reference temperature of 80�C

(Fig. 6). The effect of time on the modulus of the
samples was clearly demonstrated in the curves. It is
noted that storage modulus of all the samples were
almost the same at higher frequencies, whereas at
lower frequencies, the hybrid polymer networks
exhibited higher modulus values over the parent un-
saturated polyester resin. These hybrid networks
also present a large glassy plateau in the intermedi-
ate frequency region, which is due to the formation
of molecular entanglement among the constituents.
Because of a plateau, the slope in the curve was
reduced and the samples exhibited little variations
in the modulus values over the entire range of fre-
quencies. The critical storage modulus of the hybrid
network occurs at a frequency of 4 � 105 Hz as com-
pared to 107 Hz for chain extended hybrid network
and 106 Hz for parent polyester resin showing its
better time dependent response. The loss modulus
of the samples also changes with the varying fre-
quencies. The effect of molecular network was
clearly visible in the curve over a wide range of fre-
quencies. It is observed that hybrid polymer network
exhibited higher loss modulus than those of the
other systems.

Figure 5 DMA traces: tan d versus temperature of unsat-
urated polyester resin and hybrid polymer networks.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 6 Storage modulus and loss modulus master curves of polyester resin and hybrid polymer networks at a refer-
ence temperature of 80�C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The shift factor plot obtained from the generation
of the storage modulus master curve is displayed in
Figure 7. Williams–Landel–Ferry equation (WLF)33

was used to describe the time–temperature behavior
of the hybrid polymer network at a reference tem-
perature of 80�C.

Log aT ¼ C1ðT � T0Þ
C2 þ ðT � T0Þ

where aT is the shift factor measuring how a materi-
al’s frequency response changes with the variation
of temperatures; T, the temperature (K or �C); T0, the
reference temperature (K or �C) and C1 and C2, the

experimental material constants. It is noticed that
there was an acceptable resemblance between theo-
retical and measured shifts above the glass transition
temperature. The material constants C1 (65.26 K) and
C2 (432.2 K) for the hybrid polymer network were
significantly higher than the C1 (26.68 K) and C2

(153.6 K) of the parent unsaturated polyester resin. It
is observed that the shift plot of the hybrid polymer
network was less curved than the parent system
showing its superior temperature resistance behav-
ior. The hybrid polymer network incorporated with
different percentage of chain extender exhibited vari-
able material constants C1 and C2 in the range of
28.61–109.2K and 144.8–851.4 K, respectively. The
activation energy of the shift factor calculated by the
Arrhenius equation at a reference temperature of
80�C was 356.7 kJ mol�1 for the hybrid polymer net-
work and 455.3 kJ mol�1 for the parent polyester
resin. These activation energies are higher than those
found in the literature.16

Composite properties

Performance of the hybrid polymer network was
assessed as a matrix resin in the jute composites in
terms of their physicomechanical properties and
fractography (Table IV). Compared to the parent
polyester matrix, the water absorption and thickness
swelling of the HPN matrix composites were
reduced by � 36.82 and � 66%, respectively after 24
h water immersion. An improvement of � 23.48% in
the tensile strength and 18.75% in the tensile modu-
lus for HPN matrix composites was observed over
the parent polyester matrix composites. The area
under load-deflection curves was also increased by
16% only. It is due to the fact that the high adhesion
between jute and hybrid polymer network resin may
exist following the interaction between hydroxyl
groups of jute and terminal isocyanate groups of
polymer networks besides the formation of inter-
penetration between urethane and unsaturated poly-
ester networks with chemical bond linking (Scheme
1). The possibility of interaction between jute and re-
sidual isocyanate in the matrix resin would also be
existed. For comparison purpose, jute composites
were also made with polyester–polyurethane IPN
matrix. The tensile strength of HPN matrix compo-
sites was more than the IPN system whereas the
water absorption and thickness swelling were less
by 38.90 and 127.30%, respectively. It is believed that
because of high molecular weight of IPN matrix, its
wetting with jute fiber was inadequate to penetrate
into the nonwoven jute fabrics. The increase in the
elongation at break of IPN composite was attributed
due to the predominant extensional deformation of
networks and also the existence of slipping deforma-
tion between the networks. It is also noted that IPN

Figure 7 Plot of shift factor versus temperature (a) unsat-
urated polyester resin (b) hybrid polymer network (c)
chain extended hybrid polymer network. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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matrix composites showed higher tensile strength
and toughness than that of the polyester matrix com-
posites. It is thought that polyurethane act as a
bridging agent to increase the interaction between
the jute and polyester by forming hydrogen bonds.

Under 2-h boiling water aging test, the deterioration
in the mechanical properties (tensile strength: 13–
38%; tensile modulus: 27–54%) was noticed in all the
samples (Fig. 8). When compared with the parent
polyester, HPN matrix composites retained � 12%

Scheme 1 Schematic representation of interaction between jute fiber and hybrid polymer network.

TABLE IV
Physico-Mechanical Properties of Jute Composites Using Various Network Resins

Property

Unsaturated
polyester
resin

Hybrid
polymer
network

Chain
extended

hybrid polymer
network

Polyester–
polyurethane

network

Density (g cm�3) 1.20 6 0.06 1.25 6 0.06 1.19 6 0.06 1.24 6 0.06
Water absorption (%)

2 h 1.85 6 0.09 1.29 6 0.06 1.14 6 0.06 1.71 6 0.09
24 h 6.28 6 0.31 3.97 6 0.19 3.60 6 0.18 5.51 6 0.28

Thickness swelling (%)
2 h 1.98 6 0.09 0.87 6 0.04 0.45 6 0.02 1.75 6 0.09
24 h 4.61 6 0.23 1.58 6 0.08 1.32 6 0.07 3.58 6 0.18

Tensile strength (MPa) 57.50 6 2.88 71 6 3.55 71.20 6 3.56 66.60 6 3.30
Elongation at break (%) 5.86 6 0.29 5.40 6 0.27 6.12 6 0.31 6.30 6 0.32
Tensile Modulus (MPa) 1568 6 78.40 1862 6 93.10 1153 6 57.65 1737 6 86.90
Energy to Break (J) 4.16 6 0.21 4.27 6 0.21 5.01 6 0.25 4.57 6 0.23
Toughness (MPa) 25 6 1.25 29 6 1.45 34 6 1.70 30 6 1.50
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more tensile strength while IPN matrix showed �
12% less tensile strength. The existence of superior
hydrothermally stable bonds at the fiber–matrix
interface in the HPN system could be responsible for
such behavior. The elongation at break of aged sam-
ples increased (16.72–34.44%) probably due to
debonding between jute fiber and resin.

The difference in the properties of the polyester
matrix and HPN matrix jute composites can also be
explained in terms of fracture surface morphology
[Fig. 9(a–d)]. The tensile failure surfaces of the poly-
ester matrix composites were characterized by the
fiber pull-out, resin cracking and debonding
between the fiber and resin [Fig. 9(a)]. It is noted
that pulled-out fibers appears to be clean of any
adhering resin suggesting interfacial failure. The
increased fiber pulled-out was also indicative of
weak shear strength of the polyester resin. The frac-
tured surface was rough which was attributed to the
fast crack propagation. On the other hand, fracture
surface of the HPN matrix composites shows that
most of the fibers were embedded along the fracture
plane and well bonded to the matrix [Fig. 9(b)]. The

presence of fracture line extending from the initia-
tion site indicating the failure direction for that par-
ticular fiber. There was a distinct evidence of river
patterns initiating from fiber-matrix boundary which
suggest plastic flow of the resin. Hackle markings
were seen in the matrix as evidence of shear yield-
ing between the fibers and appear as more or less
regular stacky of platelets. The formation of hackles
was dominant feature for a tougher matrix. This is
believed to be developed by microcracking in the
matrix as the fracture surfaces peeled apart. The
presence of mirror regions indicates flexibility in the
matrix resin. In the case of chain extended HPN ma-
trix composites, the matrix appeared to have under-
gone more ductile deformation and larger hackles
formation between the fibers than the base HPN
matrix composites [Fig. 9(c)]. The mirror regions
were also dominant on the fracture surfaces which
are indicative of slow crack propagation. In Figure
9(d), the facture surfaces of IPN matrix composites
showed fiber pulled-out with resin adherence. Fine
cracks due to cracking of the resin coating adhered
on the fiber surface and locus of pulled-out fibers
were also seen. While comparing the fractographic
features of various composites, it is concluded that
HPN matrix composites exhibited lesser extent of
fiber pulled-out showing high shear strength, river
markings at fibers leading to superior fiber–matrix
interface, hackles formation contributing towards
toughness of matrix and smooth surface attributed
to slow crack propagation, which lead to the devel-
opment of their superior mechanical properties.

CONCLUSIONS

Results indicate that the hybrid polymer networks at
an optimized NCO/OH ratio exhibited larger net-
work size, reduced logarithm damping ratio, and
high mechanical strength than the parent polyester
resin. The sharpened tan d peak of DMA and mat
type network morphology viewed in AFM provide
the adequate evidences in support of intermixing of
the two resins. Using time–temperature superposi-
tion principle, an acceptable fit between theoretical
and measured shift factor was noticed above the
glass transition temperature. Because of adequate
fiber–matrix adhesion in the composites viewed in
SEM, the hybrid network matrix escalates the possi-
bility of pretreatment of jute fibers before their use
in molding. The process of impregnating jute fabrics
with this HPN matrix was also favorable because of
its initial comparable viscosity to the polyester resin
for thorough penetration in the fabrics. Jute compo-
sites made with HPN matrix showed a higher
strength and toughness with additional improve-
ment of the fracture behavior than the IPN and par-
ent unsaturated polyester matrix composites under

Figure 8 Tensile strength and elongation of fresh and
aged jute composites using different resin matrices under
2-h boiling water.
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both dry and wet conditions. Work is under pro-
gress on the performance of this network resin ma-
trix under various kinds of moldings.

This article forms part of a Supra Institutional Project of CSIR
R and D program (Govt. of India) and is published with the
permission of Director, CSIR-Central Building Research
Institute, Roorkee.
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